
THEORY AND PRACTICE OF HIERARCHICAL CONTROL

1 November 1 9 8 0

T h i s i s t o c e r t i f y t h a t t h e a r t i c l e namcd above w a s p r e p a r e d by
U n i t e d S t a t e s G o v e r n m e n t e m p l o y e e s as p a r t o f t h e i r o f f i c i a l iiu-
t i e s and i s t h e r e f o r e a w o r k o f t h e U. S. G o v e r n m e n t and n o t sub-
j e c t t o c o p y r i g h t .

T h i s w o r k was p a r t i a l l y f unded by the
M a n u f a c t u r i n g T e c h n o l o g y D i v i s i o n ,
A i r F o r c e M a t e r i a l L a b o r a t o r y ,
A i r F o r c e S y s t e m s Command,
Wright P a t t e r s o n Air F o r c e Base, Ohio 4 5 4 3 3

James S. A l b u s
Anthony J. B a r b e r a
R o g e r N. N a g e l
A 1 2 3 , E f e t r o l o g y B l d g .
P rogramma b l e A u t oma t i o n
N a t i o n a l B u r e a u o f S t a n d a r d s
Wash ing ton , DC 2 0 2 3 4
( 3 0 1 ) 9 2 1 - 2 3 8 1



INTRODUCTION

The p r o b l e m o f c o n t r o l l i n g a s e n s o r y - i n t e r a c t i v e r o b o t i s s i m i l a r
i n m a n y r e s p e c t s t o t h a t * o f c o n t r o l l i n g any c o m p l e x sys tem such
as an a r m y , a g o v e r n m e n t , a bus iness , o r a b i o l o g i c a l organism.
The command and c o n t r o l s t r u c t u r e f o r such systems i s i n v a r i a b l y
a h i e r a r c h y w h e r e i n g o a l s , o r tasks , s e l e c t e d a t t h e h i g h e s t l e v -
e l a r e decomposed i n t o sequences o f sub tasks w h i c h a r e passed t o
t h e n e x t l o w e r l e v e l i n t h e h i e r a r c h y . T h i s same p r o c e d u r e i s
r e p e a t e d a t each l e v e l u n t i l a t t h e b o t t o m o f t h e h i e r a r c h y t h e r e
i s g e n e r a t e d a sequence of? p r i m a t i v e tasks wh i ch can b e e x e c u t e d
w i t h s i n g l e a c t i o n s . Sensory f e e d b a c k e n t e r s t h e h i e r a r c h y a t
many d i f f e r e n t l e v e l s t o a l t e r t h e t a s k d e c o m p o s i t i o n so as t o
a c c o m p l i s h t h e h i g h e s t l e v e l g o a l i n s p i t e o f u n c e r t a i n t i e s o r
u n e x p e c t e d c o n d i t i o n s i n t h e e n v i r o n m e n t .

P r o b l e m r e d u c t i o n , o r task d e c o m p o s i t i o n , i s a c l a s s i c h i e r a r c h i -
c a l a p p r o a c h t o p r o b l e m s o l v i n g C 1 3 . I n F i g u r e 1 t h e p r o b l e m A
may b e s o l v e d e i t h e r b y s o l v i n g s u b p r o b l e m s B o r C. The n o d e s B
and C a r e c a l l e d OR nodes. P r o b l e m I3 has b e e n decomposed i n t o
twg s u b p r o b l e m s D a n d E, b o t h o f w h i c h must b e s o l v e d i n o r d e r t o
so$ve B. S i m i l a r l y p r o b l e m C i s d e c o m p o s e d i n t o t w o s u b p r o b l e m s
F and G b o t h o f w h i c h mus t b e s o l v e d t o s o l v e C. Node.; D and E
and n o d e s F and G a r e c a l l e d AND nodes a n d a r e shown w i t h a b a r
J o i n i n g t h e i r a r c s . A t some p o i n t i n t h e d e c o m p o s i t i o n process ,
p r i m i t i v e s u b p r o b l e m s ( o n e s whose s o l u t i o n s a r e known) a r e gen-
e r a t e d . In F i g u r e L, if e i t h e r D and E, o r F and G a r e p r i m i t i v e
s u b p r o b l e m s , t h e n t h e p r o b l e m A i s s o l v e d . A s t r u c t u r e l i k e t h a t
shown i n F i g u r e 1 i s c a l l e d an AND/OR graph.

PLANNING US. CONTROL

Most r e s e a r c h w i t h p r o b l e m r e d u c t i o n and AND/UR g r a p h s has been
done i n t h e s tudy o f p lanning, n o t t h e s t u d y o f c o n t r o l s y s t e m s .
I n p l a n n i n g t h e emphas is i s on mechanisms f o r s e a r c h i n g AND/OR
g r a p h s t o f i n d , and h o p e f u l l y t o o p t i m i z e s o l u t i o n s . T h i s i s
r e l e v a n t t o p r o b l e m s i n a b s t r a c t m a t h e m a t i c s o r t o b o a r d games

. w h e r e t h e r e c a n b e a planning p e r i o d b e t w e e n each move.

I n c o n t f o l sys tems , howevex -, t i m e i s . a c r i t i c a l var iab le . A c t i o n
i s c o n t i n u o u s and o n - g o i n g . If plann ing i s t o b e done, it must
b e done o f f - l i n e , o r i n a b a c k g r o u n d mode b e c a u s e i n r e a l - t i m e
c o n t r o l sys tems , s e a r c h i n g and b a c k t r a c k i n g a r e u n a c c e p t a b l e , and
t i m e d e l a y s b e t w e e n o b s e r v i n g and a c t i n g a r e a mador s o u r c e o f
i n s t a b i 1i t y .

N e v e r t h e l e s s , AND/OR d e c o m p o s i t i o n i 5 a v a l u a b l e t o o l f o r a n a l y z -
i n g h i e r a r c h i c a l n e t w o r k s . What i s n e e d e d t o a p p l y AND/OR g r a p h s
t o h i e r a r c h i c a l c o n t r o l s y s t e m s i s a mechan ism f o r g e n e r a l i z i n g
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9rom a d i s c r e t e t o a continuous f o r m w i t h t i m e e x p l i c i t l y
r e p r e s e n t e d .

AND/OR TRAJECTORIES

As p a r t o f o u r r e s e a r c h p r o g r a m a t NBS C 2 3 we have deve loped a
n o t a t i o n f o r cont inuous t i m e - d e p e n d e n t AND/OR graphs w h i c h essen -
t i a l l y m e r g e s sequences o f AND nodes i n t o smooth t r a J e c t o r i e s and
l e t s OR n o d e s b e c a p a b l e o f l y i n g anywhere w i t h i n l a r g e r e g i o n s
o f m u l t i d i m e n s i o n a l space. I n o r d e r t o v i s u a l i z e t h i s c o n c e p t
l e t us d e f i n e a task d e c o m p o s i t i o n o p e r a t o r as a cont inuous s in -
g l e va lued f u n c t i o n H w h i c h t r ans fo rms an i n p u t v e c t o r = (sl,, . . . sN) composed o f c o n t i n u o u s t i m e - d e p e n d e n t v a r i a b l e s sit. . pL ) composed of c o n t i n u -i n t o an ou tpu t v e c t o r P = (p

l
#

ous t i m e dependen t va ryab les p .

9

p2 '
j

H thus maps each i n p u t v e c t o r S i n i n p u t space i n t o an o u t p u t
v e c t o r P i n o u t p u t space. I f t h e i n p u t v e c t o r move5 as a func -
t i o n o f T ime (as a r e s u l t o f a n y o f i t s components c h a n g i n g w i t h
t i m e ) t h e n will d e s c r i b e a t r a J e c t o r y T S t h r o u g h i n p u t space.
Assume t h e f u n c t i o n H samp les t h e i n p u t p e r i o d i c a l l y a n d a f t e r a
s h o r t c o m p u t a t i o n d e l a y p r o d u c e s an o u t p u t . Thus a5 moves
a l o n g T S J P will move a l o n g T, . T h i s i s i l l u s t r a t e d i n F i g u r e
2.

We c a n now d i v i d e t h e i n p u t v e c t o r i n t o t w o p a r t s . .

C = (51 . . . si 1 - where we can c a l l C some command
v e c t o r , and
F = ( s i + # . . . 1 - where we can c a l l C s o m e f e e d -
back v e c i o r such ?kat 2 = C_+ FIas shown i n F i g u r e 3.

-I

I

As5urne f o r t h e moment t h a t C (a command such as t e l l i n g t h e r o b o t
t o l o c a t e and p i c k up a% o b J e c t on a ' m o v i n g c o n v e y o r ) i s h e l d
cons tan t w h i l e F ( f e e d b a c k f r o m sensors such as an e n c o d e r t h a t
t e l l s t h e p o s r t i o n o f t h e c o n v e y o r and f r o m l o w e r l e v e l v i s i o n
and t o u c h senso rs ) i s a l l o w e d t o vary. If F v a r i e s s m o o t h l y J t h e
v e c t o r S will t r a c e o u t t h e t r a J e c t o r y TS as shown i n F i g u r e 4.

m i g h t compu te t h e c o r r e c t c a r t e s i a s c o o r d i n a t e va lues 6 f o r t h e
r o b o t as t h e i npu t TS v a r i e s i n t i m e . )

-
The f u n c f i o n H maps each p o i n t on T i n t o a p o i n t o n T . (H

The t i p of t h e v e c t o r C now c o r r e s p o n d s t o t h e s e l e c t i o n o f an OR
node. The t i p o f t h e v e c t o r F t r a c e s o u t a s e r i e s o f AND n o d e s
u n d e r t h i s OR node. I n t h e case w h e r e F v a r i e s s m o o t h l y t h e AND
nodes m e r g e i n t o a c o n t i n u o u s t r a J e c F o r y . If F moves i n s t e p s
f r o m F l t o F2 t o F ~ Jt h e n t h e v e c t o t - S Jumps fro; one d i s c r e t e
p o i n t - a l o x g T i t o a n o t h e r . Thus t r e c o n t i n u o u s a n a l y s i s degen -
e r a t e s t o t h e d i s c r e t e when t h e i n p u t s a r e ' d i s c r e t e .
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The v a r i a t i o n i n E m a y b e caused b y e x t e r n a l f o r c e s imposed b y
t h e env i ronment , o r b y a c t i o n s p r o d u c e d b y t h e ou tpu t , o r bo th .
One o r m o r e o f t h e v a r i a b l e s i n t h e f e e d b a c k v e c t o r F may evert b e
t a k e n d i r e c t l y f r o m t h e o u t p u t v e c t o r P . I n t h e - l a t t e r case t
t h e H o p e r a t o r becomes t h e t r a n s i t i o n funTtion f o r a s t a t e auto -
maton. I n any o f t h e s e cases t h e r e s u l t i s t h a t a s i n g l e command
v e c t o r C p r o d u c e s a sequence o f o u t p u t v e c t o r ? ; Tp. The p r o c e s s
is;driven b y t h e sequence o f f e e d b a c k v e c t o r s FLl F2, F3, . . . The
s u p e r s c r i p t ck d e n o t e s t h e v e c t o r -F a t t i m e k .- c -

The sequence o f o p e r a t i o n s i l l u s t r a t e d i n F i g u r e 4 can a l s o be
v i e w e d as a decom o s i t i o n o f a command -C i n t o a sequence o f sub-

s tand ing f o r any number o f th iKgs such as a task , a goa l , o r a
p lan. In such cases t h e o u t p u t s t r i n g El l P_2, p3, r e p r e s e n t s a
sequence o f rubtasks, subgoals, o r sub-plans r e s p e c t i v e l y .

commands P I l P2, P5. The v e c t o r C may, o f course, be a s y m b o l- -

F i g u r e 4 8 can.a lso b e v i e w e d as a servomechanism where C d e f i n e s
a s e t p o i n t and -F p r o v i d e s t h e f e e d b a c k w h i c h i s used KO compute
an e r r o r s i g n a l . H t h e n i s t h e s e r v o s y s t e m t r a n s f o r m func t i on .
I n t h i s case t h e r e a r e many p r a c t i c a l p r o b l e m s concerned w i t h

b i l i t y , speed, ga in , d e l a y , phase s h i f t , e t c : I n o u r n o t a t i o n
se a r e a l l ernbeded i n t h e H f u n c t i o n s . I C t h e H f u n c t i o n s a r e

c o w e c t l y f o r m u l a t e d and d e e i n e d o v e r t h e e n t i r e space t r a v e r s e d
b y t h e S i n p u t , t h e n t h e ot3 tput T,wi l l d r i v e t h e p h y s i c a l ac tua -
t o r s i n z u c h a way t h a t t h e g o a l ii a c h i e v e d ? i . e . 1 t h e e r r o r
b e t w e e n t h e command C and t h e r e s u l t s P 1 5 n u l l e d , and s t a b i l i t y
i s m a i n t a i n e d under ail c o n d i t i o n s .

-

HIERARCHICAL CONTROL

Assume t h a t t h e command v e c t o r C i n F i g u r e 4 changes such t h a t it
s t e p s a l o n g t h e t r a J e c t a r y TC as shown i n F i u r e 5. The r e s u l t

t h e sequence o f o u t p u t v e c t o r s P I I P T , P3-, P4 I P5 I n t h i s

and d r i v e n b y t h e Ceerback - FI ?-F2 F3 The sub- sequence P4- 7
P5- i s c a l l e d b y -C 4-5 and d r i v e n by F_4,-F5;- e t c .

-
i s t h a t t h e sequence o f i n p u t commands C1- 3, C.?-5 I ... p r o d u c e

case t h e sub- sequence P l P2 P y I iF c a l i e d b y the- command ~ 1 - 3

If we now r e p r e s e n t t i m e e x p l i c i t l y . t h e C I F, and P v e c t o r s and
t r a ~ e c t o r i e s o f F i g u r e 5 a p p e a r as showi i in F i g u r F 6. The f a c t
t h a t C rema ins c o n s t a n t w h i l e t h e f e e d b a c k changes f r o m F1 t o F2

t o FT means t h a t t h e t r a j e c t o r y T, . is p a r a l l e l t o t h e Time ax i?
o v e r - t h a t i n t e r v a l . The Jump f r o m C l - 3 t o C4-5 causes an a b r u p t
s h i f t i n t h e Tc t r a J e c t o r y i n t h e Eime in tg rva l b e t w e e n F3and Fb
N o t e t h a t each l ns tan t o f t i m e can b e r e p r e s e n t e d b y a p l a n e (zr
s e t o f c o - p l a n a r r e g i o n s ) p e r p e n d i c u l a r t o t h e t i m e a x i s . Each
p l a n e c o n t a i n s a p o i n t f r o m each t r a j e c t o r y a n d r e p r e s e n t s a
snapsho t o f a l l t h e v e c t o r s s i m u l t a n e o u s l y a t a s p e c i f i c ins tan t
i n t i m e .



We a r e now r e a d y to . c o n s i d e r a h i e r a r c h y o f servomechanisms, o r
t ask d e c o m p o s i t i o n o p e r a t o r s l as i s shown o n t h e l e f t s i d e o f
F i g u r e 7. Here t h e h i g h e s t l e v e l i n p u t command E4 i s a s y m b o l i c
v e c t o r d e n o t i n g t h e c o m p l e x task (ASSEMBLE AB). The s u b s c r i p t (&
d e n o t e s t h e C v e c t o r a t t h e k- th l e v e l i n t h e h i e r a r c h y .-

N o t e t h a t i n F i g u r e 7, v e c t o r s a r e n o t r e p e a t a b l y drawn f o r each
ins tan t o f t i m e d u r i n g t h e t r a J e c t o r y segmen ts when t h e y a r e rea -
s o n a b l y c o n s t a n t . Thusl C 4 i s shown o n l y a t t h e b e g i n n i n g and
end o f t h e t r a J e c t o r y segment l a b e l e d (ASSEMBLE AB). 5 i s shown
o n l y a t t h e t r a n s i t i o n p o i n t s be tween (REACH t o A), (GRASP),
(MOVE TO X ) , (RELEASE), e t c . It s h o u l d b e k e p t i n mind, however,
t h a t H4 computes P4 c o n t i n u o u s l y and p r o d u c e s an autput a t e v e r y
ins tan t o f t i m e ,just as H does P

2 -2'

The eeedback 54 may c o n t a i n h i g h l y p r o c e s s e d v i sua l scene
a n a l y s i s d a t a w h i c h i d e n t i q i e s t h e g e n e r a l l a y o u t o f t h e w o r k
space and t h e r e b y d e t e r m i n e s w h i c h o u t p u t v e c t o r s P4 and hence
w h i c h s i m p l e t a s k commands 5, shou ld b e s e l e c t e d and i n w h i c h
o r d e r . F4 may a l s o c o n t a i n d a t a f r o m p-4 and p-? w h i c h i n d i c a t e
t h e s t a f e o f ' c o m p l e t i o n o f t h e d e c o m p o s i t i o n o f C4. F4 comb ines
w i t h 3 t o d e f i n e t h e c o m p l e t e i n p u t v e c t o r a. The HG o p e r a t o r
p roduces an ou tpu t v e c t o r a=H4 (SA). As t h e f e e d b a c k v a r i e s
w i t h t i m e , t h e i n p u t v e c t o r a I and hence t h e o u t p u t v e c t o r F'b I

moves a l o n g a t r i t J e c t o r y g e n e r a t i n g a sequence of- " s i m p l e t a s k "
commands a t C such as (FETCH A ) , (FETCH B), (MATE B TO A),
(FASTEN B TCJ-&)l e t c . as shown i n F i g u r e 7.

C i s a l s o a s y m b o l i c v e c t o r w h i c h i d e n t i f i e s one o f a l i b r a r y o f
G i i m p l e task " commands t o g e t h e r w i t h t h e n e c e s s a r y m o d i f i e r s and
arguments. Feedhack a t s m a y i d e n t i f y t h e p o s i t i o n and o r i e n t a -
t i o n o f t h e p a r t s A and B and a l s o c a a r r y s t a t e sequencing i n f o r -
m a t i o n f r o m o u t p u t s b a n d 3 A 4 F- v a r i e s w i t h t i m e it d r i v e s
t h e i n p u t SA, and hence %l a l o n g a t r a J e c t o r y g e n e r a t i n g a 5e-
quence o f " e l e m e n t a l movement " commands a t C2 such as (REACH TO
A ) (GRASPI l (MOVE TO C) , (RELEASED), e t c .

F e e d b a c k a t 5 may c o n t a i n i n f o r m a t i o n f r o m p r o x i m i t g senso rs o r
f o r c e a n d t o u c h sensors i n d i c a t i n g t h e f i n e p o s i t i o n i n g e r r o r
b e t w e e n t h e f i n g e r s and t h e o b J e c t 5 t o b e m a n i p u l a t e d t o g e t h e r
w i t h s t a t e sequenc ing i n f o r m a t i o n d e r i v e d f r o m p2 and P . The
o p e r a t o r H, p r o d u c e s t2 w h i c h d e n o t e s t h e p r o p e r v e l o c i t j ' v e c t o r s
C f o r t h e m a n i p u l a t o r hand i n ~ o i n ta n g I e c o o r d i n a t e s . f e e d b a c k
-2$- a l s o p r o v i d e r ; J o i n t a n g l e p o s i t i o n d a t a n e c e s s a r y f o r t h e
c o o r d i n a t e t r ans fo rma t i ons p e r f o r m e d b y H2 . % . p r o v i d e s r e f e r -
ence, o r s e t p o i n t commands 9 t o t h e servomechanism o p e r a t o r HI.
F p r o v i d e s p o s i t i o n , v e l o c i t y l and f o r c e i n f o r m a t i o n f o r t h e-1
t r a d i t i o n a l s e r v o c o m p u t a t i o n s . The o u t p u t i s a s e t o f d r i v e
s i g n a l s t o t h e a c t u a t o r s .
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F e e d b a c k e n t e r s t h i s h i e r a r c h y a t e v e r y l e v e l . A t t h e l o w e s t
l e v e l s t h e f e e d b a c k i s unprocessed, o r n e a r l y S O # and hence i s
f a s t a c t i n g w i t h v e r y s h o r t l o o p d e l a y s . A t h i g h e r l e v e l s f e e d -
b a c k da ta passes th rough more and more s t a g e s o f an a s c e n d i n g
senso ry - process ing h i e r a r c h y . Feedback thus c l o s e s a r e a l t i m e
c o n t r o l l o o p a t each l e v e l i n t h e h i e r a r c h y . The l o w e r l e v e l
l o o p s a r e s i m p l e and f a s t a c t i n g . The h i g h e r l e v e l l o o p s a r e
more s o p h i s t i c a t e d and s l o w e r .

~.

A t each l e v e l t h e f e e d b a c k v e c t o r F d r i v e s t h e o u t p u t v e c t o r P
a l o n g i t s t r a J e c t o r y . Thus, a t each l e v e l o f t h e h i e r a r c h y r the
t i m e r a t e o f change o f t h e o u t p u t v e c t o r P, will b e o f t h e same
o r d e r o f magn i t ude as t h e f e e d b a c k v e c t o r E 0 and c o n s i d e r a b l y
more r a p i d t h a n t h e command v e c t o r C . The r e s u l t i s t h a t each
s t a g e o f t h e b e h a v i o r g e n e r a t i n g h i F r a r c h y e f f e c t i v e l y decomposes
an inpu t task r e p r e s e n t e d b y a s l o w l y chang ing C i n t o a s t r i n g
o f subtasks r e p r e s e n t e d b y a more r a p i d l y chang ing P, .

t t h i s p o i n t we pe rhaps shou ld emphasize t h a t t h e d i f f e r e n c e i n
* ime r a t e o f change o f t h e v e c t o r s a t v a r i o u s l e v e l s i n t h e
h i e r a r c h y does n o t i m p l y t h a t t h e H o p e r a t o r s a r e c o m p u t i n g
s l o w e r a t t h e h i g h e r l e v e l s t h a n a t t h e l o w e r . We will, i n fafztJ
assume t h a t e v e r y H o p e r a t o r t r a n s f o r m s S i n t o P w i t h t h e same
c o m p u t a t i o n a l d e l a y A t a t a l l l e v e l s 44: t h e h i e r a r c h y . T h a t i s

e t e v e r y L e v e l . The s l o w e r t i m e r a t e o f change o f P v e c t o r s a t
t h e h i g h e r l e v e l s 5Lems f r o m t h e f a c t t h a t t h e F v e c t o r s d r i v i n g
t h e h i g h e r l e v e l s c o n v e y i n f o r m a t i o n a b o u t eve?i ts w h i c h o c c u r
l e 5 5 f r e q u e n t l y r and i n some cases components o f h i g h e r l e v e l F,
v e c t o r s may r e q u i r e t h e i n t e g r a t i o n o f i n f o r m a t i o n o v e r l o n g t i m e
i n t e r v a l s o r t h e r e c o g n i t i o n o f s y m b o l i c messages w i t h l o n g w o r d
1eng ths.

When we r e p r e s e n t t i m e e x p l i c i t l y as i n F i g u r e 7, we can l a b e l
t h e r e l a t i v e l y s t r a i g h t segmen ts o f t h e T t r a ~ e c t o r i e s ' a s tasks
end subtasks. T r a n s i t i o n s b e t w e e n t h e s o t t a s k s i n a sequence
c o r r e s p o n d t o a b r u p t changes i n Tc.

If' we d o n o t r e p r e s e n t t ime e x p l i c i t l y , t h e r e l a t i v e l y c o n s t a n t 5
v e c t o r s c o r r e s p o n d t o nodes as i n F i g u r e 5. The r e s u l t i n g t r e e
s t r u c t u r e r e p r e s e n t s a c l a s s i c a l AND/OR d e c o m p o s i t i o n o f a task
i n t o sequence o f s u b t a s k s w h e r e t h e d i s c r e t e C v e c t o r s
c o r r e s p o n d t o OR nodes and t h e r a p i d l y c h a n g i n g sequences o f fl
v e c t o r s become s e t s o f AND nodes unde r t h o s e OR nodes.



INTENTIONAL OR PURPOSIVE BEHAVIOR

F i g u r e 7 i l l u s t r a t e s t h e power o f a h i e r a r c h y o f mul t fvar iant
se rvos t o g e n e r a t e a l e n g t h y sequence o f b e h a v i o r w h i c h i s b o t h
g o a l - d i r e c t e d and a p p r o p r i a t e t o t h e environment. Such b e h a v i o r
appears t o an e x t e r n a l o b s e r v e r t o b e i n t e n t i o n a l , o r p u r p o s i v e .
The t o p l e v e l i n p u t command i s a goa l , o r task, wh i ch i s succes -
s i v e l y decomposed i n t o subgoa ls , o r subtasks, a t each s t a g e of
t h e c o n t r o l h i e r a r c h y u n t i l a t t h e l o w e s t l e v e l o u t p u t s i g n a l s
d r i v e t h e muscles, o r o t h e r ac tua to rs , p r o d u c i n g o b s e r v a b l e
behav io r .

To t h e e x t e n t t h a t t h e F v e c t o r s a t t h e va r i ous l e v e l s c o n t a i n
sensory i n f o r m a t i o n fro; t h e env i ronment , t h e t a s k d e c o m p o s i t i o n s
a t t h o s e l e v e l s w i l l b e c a p a b l e o f r e s p o n d i n g t o t h e env i ronment .
What t h e response t o each F v e c t o r i s depends on t h e H f u n c t i o n
a t t h a t l e v e l . I f t h e F v e c f o r a t a n y l e v e l i s made up s o l e l y o f
i n t e r n a l va r i ab les , then t h e d e c o m p a s i t i o n a t t h a t l e v e l will b e
s t e r e o t y p e d and i n s e n s i t i v e t o c o n d i t i o n s i n t h e env i ronment .

Whether o r n o t t h e h i e r a r c h y i s d r i v e n b y e x t e r n a l , o r i n t e r n a l
v a r i a b l e s , o r both , t h e h i g h e s t l e v e l i n p u t command c o m m i t s t h e
e n t i r e s t r u c t u r e t o an o r g a n i z e d and c o o r d i n a t e d sequence o f ac-
t i o n s w h i c h u n d e r no rma l c o n d i t i o n s will a c h i e v e t h e g o a l o r ac-
c o m p l i s h t h e task . The s e l e c t i o n o f a h i g h l e v e l i n p u t command
i n a b i o l o g i c a l o rgan i sm t h u s c o r r e s p o n d s t o an intent , o r p u r -
pose, w h i c h d e p e n d i n g on c i r c u m s t a n c e s , may o r may n o t b e succes -
9 u l l y a c h i e v e d t h r o u g h t h e r e s u l t i n g h i e r a r c h i c a l d e c o m p o s i t i o n
i n t o a c t i o n .

The success o r f a i l u r e o f any p a r t i c u l a r task p e r f o r m a n c e , o r
g o a l - s e e k i n g a c t i o n depends upon whe the r t h e H f u n c t i o n s a t each
l e v e l a r e c a p a b l e o f p r o v i d i n g t h e c o r r e c t m a p p i n g s so as t o
main ta in t h e o u t p u t t r a J e c t o r y w i t h i n a r e g i o n o f s u c c e s s f u l p e r -
formance d e s p i t e p e r t u r b a t i o n s and u n c e r t a i n t i e s i n t h e e n v i r o n -
ment.

A t a l l l e v e l s v a r i a t i o n s i n t h e F v e c t o r s due t o i r r e g u l a r i t i e s
i n t h e environment cause Ts t F a J e c t o r i e s t o va ry f r o m one task
p e r f o r m a n c e t u t h e n e x t . T h i s i m p l i e s t h a t w h i l e t h e r e may e x i s t
a s e t o f i d e a l t r a j e c t o r i e s t h r o u g h S and P s p a c e a t each l e v e l
orF t h e h i e r a r c h y c o r r e s p o n d i n g t o an i d e a l t a s k per fo rmance ,
t h e r e a l s o m u e t b e an e n v e l o p o+ c l o s e - t o - i d e a l t r a ~ e c t o r i e s
w h i c h c o r r e s p o n d t o S U C C ~ S S ~ U ~ ,b u t n o t p e r f e c t , t a sk p e r f o r -
mance. T h i s i s i l l u s t r a t e d i n F i g u r e 8.

The H f u n c t i o n s must n o t o n l y b e d e f i n e d a l o n g t h e T s t r a ~ e c t o r i e s
c o r r e s p o n d i n g t o i d e a l p e r f o r m a n c e , b u t a l s o i n t h e r e g i o n s
around t h e i d e a l p e r f o r m a n c e , so t h a t any d e v i a t i o n f r o m t h e
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i d e a l i s t r e a t e d as an e r r o r s i g n a l wh ich g e n e r a t e s an a c t i o n
d e s i g n e d t o r e s t o r e t h e a c t u a l t r a l e c t o r y t o t h e i d e a l , o r a t
l e a s t t o maintain it w i t h i n t h e r e g i o n o f s u c c e ~ s f u l p e r f o r m a n c e .

Smal l p e r t u r b a t i o n s can u s u a l l y b e c o r r e c t e d b y l o w l e v e l f e e d -
b a c k l o o p s as shown i n F i g u r e 9. These invo lve r e l a t i v e l y l i t t le
sensory data p r o c e s s i n g , and hence a r e f a s t a c t i n g . L a r g e r p e r -
t u r b a t i o n s i n t h e env i ronmen t may o v e r w h e l m t h e l o w e r l e v e l f eed -
back l o o p s and r e q u i r e s t r a t e g y changes a t h i g h e r l e v e l s i n o r d e r
t o maintain t h e s y s t e m w i t h i n t h e r e g i o n o f s u c c e s s f u l p e r f o r -
mance. T h i s i s i l l u s t r a t e d i n F i g u r e 10. M a J O r changes i n t h e
environment a r e d e t e c t e d a t h i g h e r l e v e l s a f t e r p r o c e s s i n g
t h r o u g h s e v e r a l l e v e l s o f p a t t e r n r e c o g n i z e r s . T h i s p r o d u c e s
d i f f e r e n c e s i n t h e F v e c t o r s a t t h e h i g h e r l e v e l w h i c h i n t u r n
p roduces d i f f e r e n t L v g c t o r s t o l o w e r l e v e l s . The r e s u l t i s an
a l t e r n a t i v e h i g h e r l e v e l s t r a t e g y t o cope w i t h t h e p e r t u r b a t i o n .

0 9 course , i f t h e H f u n c t i o n s do n o t p r o v i d e s t a b i l i t y , o r i f t h e
env i ronmen t i s so p e r v e r s e t h a t t h e sys tem i s overwhelmed, t h e n
t h e t r a J e c t o r i e s d i v e r g e f r o m t h e r e g i o n o f s u c c e s ~ f u l p e r f o r -
mance and f a i l u r e occurs .

Nc te t h a t F i g u r e 7 i l l u s t r a t e s o n l y a s i n g l e s p e c i f i c p e r f o r m a n c e
o f a p a r t i c u l a r task . None o f t h e a l t e r n a t i v e t r a J e c t o r i e s w h i c h
m i g h t have o c c u r r e d u n d e r d i f f e r e n t c i r c u m s t a n c e s w i t h a d i f -
f e r e n t s e t o f F v e c t o r s a r e i n d i c a t e d . These a l t e r n a t i v e s w h i c h
m i g h t have o c c u F r e d can b e i l l u s t r a t e d i n t h e p l a n e o r t h o g o n a l t o
t h e t i m e ax i s .

I n F i g u r e 11, we use an examp le f r o m a b i o l o g i c a l g o a l - s e e k i n g
c o n t r o l sys tem; t h a t o f a f i s h . T h i s f i g u r e i l l u s t r a t e s t h e s e t
O G a l t e r n a t i v e C- v e c t o r s p o s t u l a t e d b y T i n b e r g e n C41 t o r e s i d e a t
va r i ous l e v e l s i n t h e b e h a v i o r - g e n e r a t i n g h i e r a r c h y o f t h e m a l e
three - sp ined s t i c k l e b a c k f i s h . T h i s F i g u r e r e p r e s e n t s a snap
shot1 o r s i n g l e c u t t h r o u g h space o r t h o g n a l t o t h e t i m e ax i s .
CLI t h e h i g h e s t l e v e l g o a l i s surv iva l . The f e e d b a c k c o n s i s t s
o f v a r i a b l e s i n d i c a t i n g water t e m p e r a t u r e and dep th , b l o o d chem-
i s t r y , and hormone l e v e l s g e n e r a t e d b y l e n g t h - o f - d a y d e t e c t o r s .
When t h e hormone l e v e l s i n d i c a t e t h e p r o p e r t i m e o f y e a r , a n d t h e
b l o o d c h e m i s t r y does n o t c a l l f a r f e e d i n g b e h a v i o r , t h e n m i g r a t o -
r y b e h a v i o r will b e s e l e c t e d u n t i l warm, s h a l l o w wate r i s d e t e c t -
ed. The FA v e c t o r will t h e n t r i g g e r t h e r e p r o d u c t i o n subgoa l .
When CL5 i n d i c a t e s (REPRODUCTION), t h e F v e c t o r i n d i c a t i n g a r e d
ma le i n t h e t e r r i t o r y will s e l e c t t h e (F2GHT) command t o CJ .
When CJ, i n d i c a t e s (FIGHT) and t h e i n t r u d e r t h r e a t e n s , a C d will
b e s e l e c t e d , and so on. A t each l e v e l , a d i f f e r e n t f e e d b a c k vec-
t o r w o u l d s e l e c t a d i f f e r e n t l o w e r l e v e l s u b g o a l . F o r examp le ,
1 9 F 8 i n d i c a t e s a f e m a l e i n t h e t e r r i t o r y , Q, will become
( M A d ) , and t h e t y p e o f m a t i n g b e h a v i o r s e l e c t e d will depend on

!3+.
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I n s i m p l e c r e a t u r e s l i k e t h e s t i c k l e - b a c k f i s h , t h e sensory
s t i m u l i t h a t p r o d u c e E v e c t o r s wh i ch t r i g g e r b e h a v i o r a l t r a J e c -
t o r i e s a r e c a l l e d " inna te r e l e a s i n g mechan isms . " Innate r e l e a s i n g
mechanisms and t h e i r a s s o c i a t e d b e h a v i o r a l p a t t e r n s have b e e n
s t u d i e d e x t e n s i v e l y i n a number o f i n s e c t s such as t h e d i g g e r
wasp and var ious s p e c i e 5 o f bees and ants, seve ra l f i s h D and many
b i r d s , i n c l u d i n g t h e h e r r i n g - g u l l D t h e t u r k e y , and t h e g o l d e n eye
d r a k e tS3.

I n these r e l a t i v e l y s i m p l e c r e a t u r e s , b e h a v i o r i s s u f f i c i e n t l y
s t e r o t y p e d t h a t it can b e d e s c r i b e d i n terms o f a s m a l l s e t of
b e h a v i o r a l p a t t e r n s t r i g g e r e d b y a e q u a l l y s m a l l s e t o f sensory

. s t imu l i . T h i s suggests t h a t insec ts , f i s h , and b i r d s have o n l y a
f e w l e v e l s i n t h e i r c o n t r o l h i e r a r c h i e s and a s m a l l s e t of
b e h a v i o r p a t t e r n s s t a r e d as H f u n c t i o n s st each l e v e l . It f u r t h -
e r i m p l i e s t h e r e a r e f e w e x t e r n a l l y d r i v e n componen ts i n t h e F
v e c t o r s a t each l e v e l . B e h a v i o r t r a J e c t o r i e s a r e i n t e r n a l l y
d r i v e n w i t h o n l y a f e w b r a n c h p o i n t s c o n t r o l l e d b y senso ry d a t a
p rocessed t h r o u g h s i m p l e p a t t e r n r e c o g n i z e r s . The t r a J e c t o r r J
segments d r i v e n e n t i r e l y b y i n t e r n a l v a r i a b l e s a r e what a r e known
as f i x e d a c t i o n p a t t e r n s , o r t r o p i s m s . The e x t e r n a l v a r i a b l e s
wh ich c o n t r o l t h e r e l a t i v e l y f e w b ranch p o i n t s a r e t h e inna te
r e l e a s i n g mechanisms.

The t y p e s o f g o a l - s e e k i n g b e h a v i o r we m i g h t e x p e r t t o o b t a i n f r o m
i n d u s t r i a l r o b o t s o v e r t h e n e x t d e c a d e o r t w o i s o f t h e same gen-
e r a l l e v e l o f c o m p l e x i t y as t h a t a f an i n s e c t o r s i m p l e f i s h .
Four o r f i v e l e v e l s i n t h e c o n t r o l h i e r a r c h y w i t h a l i b r a r y o f
t e n o r t w e l v e c o n t r o l s u b r o u t i n e s ( C v e c t o r s ) a v a i l a b l e a t each
l e v e l , and a r e a s o n a b l e number (1;s~ t h a n t e n ) o f b r a n c h p o i n t s
i n each sub rou t i ne i s m o r e t h a n adequa te t o g e n e r a t e e x t r e m e l y
comp lex s e n s o r y - i n f e r a c t i v e , g o a l - d i r e c t e d b e h a v i o r i n t h e con-
s t r a i n e d environment o f a shop f l o o r .

F i g u r e 12 i l l u s t r a t e s a s e t o f t r a J e c t o r i e s i n wh ich t h e r e i s op-
p o r t u n i t y f o r b r a n c h i n g a t s e v e r a l d i f f e r e n t l e v e l s a t e v e r y s t e p
a l o n g each t r a J e c t o r y . A t each ins tant i n t i m e t h e C v e c t o r t o
a n y p a r t i c u l a r l e v e l depends u p o n wha t t h e C and ,F v e c t o r s w e r e
t o t h e n e x t h i g h e r l e v e l a t t h e p r e v i o u s instant. Thus, a change
i n t h e F v e c t o r a t a n y l e v e l causes an a l t e r n a t i v e C v e c t o r t o b e
s e n t t o- t h e l e v e l b e l o w . B e h a v i o r i s c o n t i n u o u s l y m o d i f i e d a t
all l e v e l s b y e x t e r n a l v a r i a b l e s and hence, does n o t appea r
s t e r e o t y p e d a t a l l .

I n g e n e r a l , t h e c o m p l e x i t y o f b e h a v i o r wh i ch can b e g e n e r a t e d b y
a c o n t r o l h i e r a r c h y d e p e n d s on f o u r f a c t o r s .

1. The number o f l e v e l s i n t h e c a n t r o l h i e r a r c h y ,
2, The number o f f e e d b a c k v a r i a b l e s wh i ch e n t e r each l e v e l ,
3. The s o p h i s t i c a t i o n o f t h e H f u n c t i o n s w h i c h r e s i d e a t

4. The s o p h i s t i c a t i o n o f t h e sensopy p r o c e s s i n g sys tems
each l e v e l ,
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which e x t r a c t f eedback v a r i a b l e s f o r use b y t h e va r i ous H
func t ions .

SENSORY PROCESSING I N A CONTROL HIERARCHY

The fundamenta l p r o b l e m o f p a t t e r n r e c o g n i t i o n i s t o name t h e
p a t t e r n s . A l l t h e p a t t e r n s w i t h t h e same name ave i n t h e same
c l a s s . When a p a t t e r n has been g i v e n a name w e say it ha5 been
r e c o g n i z e d . F o r example, when t h e image o f a f a m i l i a r f a c e fa l l s
on my r e t i n a and I say " That 's George, " I have r e c o g n i z e d t h e
v i sua l p a t t e r n b y naming it.

Any s p a t i a l p a t t e r n can b e r e p r e s e n t e d as a v e c t o r . F o r example
a p i c t u r e c a n b e r e p r e s e n t e d as an a r r a y , o r o r d e r e d l i s t , o f
b r i g h t n e s s o r c o l o r values. A symbo1i.c c h a r a c t e r can b e
r e p r e s e n t e d as an o r d e r e d l i s t o f f e a t u r e s ( o r a r b i t r a r q numbers
as i n t h e A S C I I c o n v e n t i o n ) . Any t e m p o r a l p a t t e r n c a n b e
r e p r e s e n t e d as a t r a J e c t o r y t h r o u g h an N- dimensional space. F o r
example, an a u d i o p a t t e r n i s a sequence o f p r e s s u r e o r v o l t a g e
values, i .e . , a one d i m e n s i o n a l t r a J e c t o r y . A m o v i n g p i c t u r e o f
te1evison;scene c o r r e s p o n d s t o a sequence o f . p ic .9 ;u re v e c t o r s r

i . e . 8 a N- dimensional t r a J e c t o r y where N i s t h e number o f pictt8.r.e
r e s o l u t i o n e lemen ts o r p i x e l s .

A t t h i s p o i n t we need t o i n t r o d u c e some new n o t a t i o n so as t o
d i s t i n g u i s h b e t w e e n v e c t o r s i n t h e s e n s o r y - p r o c e s s i n g

h i e r a r
ear !h y and t h o s e i n t h e b e h a v i o r - g e n e r a t i n g h i e r a r c h y . Thus;

we will d e f i n e t h e i n p u t v e c t o r t o a sensory p r o c e s s i n g m o d u l e as
R. = E, -C R, w h e r e E = (dl , d2 8 . . . . 4 di 1 i s a v e c t o r , o r

l i s t , o f d a t a v a r i a b y e s d e r i v e d f r o m sensory i n p u t f r o m t h e
e x t e r n a l e n v i r o n m e n t and

R (di+l J . . . . I dN 1 i s a v e c t o r o f da ta v a r i a b l e s
d e r i v e d - f r o m r e c a l l e d e x p e r i e n c e s , o r i n t e r n a l c o n t e x t . The map-
p i n g o p e r a t o r i n t h e s e n s a r y - p r o c e s s i n g h i e r a r c h q will b e deno ted
6 and t h e o u t p u t -Q such t h a t

9 0 ( D l-

We can now d e f i n e a -D vec , t o r t o r e p r e s e n t a senso ry p a t t e r n p l u s
c o n t e x t such t h a t each component d i r e p r e s e n t s a d a t a p o i n t o r
f e a t u r e o f t h e p a t t e r n p l u s c o n t e x t . The e x i s t e n c e o f t h e Q v e c -
t o r w i t h i n a p a r t i c u l a r r e g i o n o f s p a c e t h e r e f o r e c o r r e s p o n d s t o
t h e o c c u r r e n c e o f a p a r t i c u l a r s e t o f f e a t u r e s o r a p a r t i c u l a r
p a t t e r n i n a p a r t i c u l a r c o n t e x t . The r e c o g n i t i o n p r o b l e m t h e n i s
t o f i n d a G f u n c t i o n w h i c h computes an o u t p u t v e c t o r _O = G (e>
such t h a t g i s t h e name o f t h e p a t t e r n and c o n t e x t as shown i n
F i g u r e 13.

I n o t h e r wo.rds 0 c a n r e c o g n i z e t h e e x i s t e n r e o f a p a r t i c u l a r p a t -
t e r n and c o n t e x t ( i . e . 8 t h e e x i s t e n c e o f 2 i n a p a r t i c u l a r r e g i o n
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09 i n p u t space) b y o u t p u t t i n g t h e name 8. F o r example,
G = Class I whenever D i s i n R e g r o n 1
% = Class I1 whenever -D i s i n R e g i o n 2

e t c .

I n t h e case w h e r e t h e D v e c t o r i s t i m e dependen t , an e x t e n d e d
p o r t i o n o f a t r a J e c t o r y TD may map i n t o a s i n g l e name Q as shown
i n F i g u r e 24. It then i s p o s s i b l e b y i n t e g r a t i n g o v e r t i m e and
t h r e s h o l d i n g t h e i n t e g r a l t o d e t e c t B o r r e c o g n i z e , a t e m p o r a l
p a t t e r n TD such as a sound o r a v i s u a l movement.

The r e c o g n i t i o n , o r naming; o f a t e m p o r a l p a t t e r n as i l l u s t r a t e d
i n F i g u r e 14 i s t h e i n v e r s e o f t h e d e c o m p o s i t i o n o f a task as il-
l u s t r a t e d i n F i g u r e s 4-7. I n task d e c o m p o s i t i o n a s l o w l t ~ v a r y i n g
command C_ i s decomposed i n t o a r a p i d l y chang ing o u t p u t E. Sn
p a t t e r n r e c o g n i t i o n a r a p i d l y c h a n g i n g s e n s o r y e x p e r i e n c e E i s
r e c o g n i z e d b y a s l o w l y v a r y i n g name 0.-

THE USE OF CONTEXT

It f r e q u e n t l y o c c u r s i n p a t t e r n r e c o g n i t i o n , o r s i g n a l d e t e c t i o n ,
t h a t t h e i n s t a n t a n e o u s v a l u e o f t h e s e n s o r y i n p u t v e c t o r E i s am-
b iguous o r m i s l e a d i n g . T h i s i s p a r t i c u l a r l y t r u e i n n o i s y en-
v i r o n m e n t s o r i n s i t u a t i o n s w h e r e d a t a d r o p o u t s a r e l i k e l y t o oc-
c u r . I n such cases t h e a m b i g u i t y can o f t e n b e r e s o l v e d J o r t h e
m iss i ng d a t a f i l l e d i n if t h e c o n t e x t c a n b e taken i n t o accoun t ,
o r i f t h e c l a s s i f i c a t i o n d e c i s i o n c a n make use o f some a d d i t i o n a l
knowledge o r w e l l founded p r e d i c t i o n r e g a r d i n g wha t p a t t e r n s a r e
expec ted .

The a d d i t i o n o f c o n t e x t o r p r e d i c t i o n v a r i a b l e s R t o t h e s e n s o r y
inpu t 5 such t h a t D, = E_+ R_ i n c r e a s e s t h e d i m e n s i o n a l i t y o f t h e
p a t t e r n inpu t space. The c o n t e x t v a r i a b l e s t h u s can s h i f t t h e
t o t a l i n p u t ( p a t t e r n ) v e c t o r D t o d i f f e r e n t p a r t s o f i n p u t s p a c e
depend ing on t h e c o n t e x t . Thur l a s shown i n F i g u r e 15 t h e amb i -
guous p a t t e r n s 5 and E w h i c h a r e t o o s i m i l a r t o b e r e l i a b l y
r e c o g n i z e d a5 i n separa te Tfasses J can b e d i s t i n g u i s h e d when a c -
companied b y c o n t e x t Rd and 5 .

I n r o b o t c o n t r o l many v a r i a b l e s c a n s e r v e a5 c o n t e x t v a r i a b l e s .
I n f a c t any i n f o r m a t i o n a b o u t a n y t h i n g o c c u r r i n g s imu l t aneous l y
w i t h t h e i n p u t p a t t e r n c a n b e r e g a r d e d as c o n t e x t . Thus c o n t e x t
can b e d a t a f r o m o t h e r senso ry m o d a l i t i e s as w e l l as i n f o r m a t i o n
r e g a r d i n g what i s h a p p e n i n g i n t h e b e h a v i o r - g e n e r a t i n g h i e r a r c h y .
I n many cases, d a t a F r o m t h i s l a t t e r s o u r c e i s p a r t i c u l a r l y
r e l e v a n t t o t h e p a t t e r n r e c o g n i t i o n t d 5 k ~ because t h e s e n s o r y in-
p u t a t any i n s t a n t o f t i m e depends h e a v i l y u p o n what a c t i o n i s
c u r r e n t l y b e i n g e x e c u t e d . F a r e x a m p l e i n b i o l o g i c a l sys tems t h e
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i n f o r m a t i o n f r o m t h e b e h o v i o r - g e n e r a t i n g h i e r a r c h y p r o v i d e s con-
t e x t u a l i n f o r m a t i o n n e c e s s a r y fur t h e v i s u a l p r o c e s s i n g h i e r a r c h y __ . .
t o d i s t i n g u i s h b e t w e e n m o t i o n o f t h e eyes and m o t i o n oQ t h e r o o m
a b o u t t h e eyes.

I n a c l a s s i c e x p e r i m e l t t , v o n H015t and M i t t e l s t a e d t E61 demon-
. s t r a t e d t h a t t h i s k i n d o f c o n t e x t u a l d a t a pathway a c t u a l l y e x i s t s

i n i n s e c t s . They o b s e r v e d t h a t a f l y p l a c e d i n a chamber w i t h
r o t a t i n g w a l l s will t c n d t o tu rn i n t h e d i r e c t i o n o f r o t a t i o n s o
as t o n u l l t h e v i s u a l m o t i o n . They t h e n r o t a t e d t h e f l y ' s head
180 d e g r e e s around i t s body a x i s (a p r o c e d u r e wh i ch f o r some rea-
son i s n o t f a t a l t o t h e f l y ) and o b s e r v e d t h a t t h e f l y now c i r -
c l e d e n d l e s s l y b e c a u s e b y a t t e m p t i n g t o n u l l t h e v i s u a l m o t i o n it
was now a c t u a l l y i n c r e a s i n g it. L a t e r e x p e r i m e n t s w i t h m o t i o n
p e r c e p t i o n i n humans showed t h a t t h e p e r c e p t i o n o f a s t a t i o n a r y
environment d e s p i t e m o t i o n o f t h e r e t i n a l image caused b y m o v i n g
t h e eyes i s dependen t on c o n t e x t u a l i n f o r m a t i o n d e r i v e d f r o m t h e
b e h a v i o r - g e n e r a t i n g h i e r a r c h y . The f a c t t h a t t h e c o n t e x t i s ac-
t u a l l y d e r i v e d f r o m t h e b e h a v i o r - g e n e r a t i n g h i e r a r c h y r a t h e r than
f r o m s e n s o r y f e e d b a c k car t b e d e m o n s t r a t e d b y a n e s t h e t i z i n g t h e
eye m u s c l e s -a n d o b s e r v i n g t h a t t h e e f f e c t depends on t h e in ten t
t o move t h e e y e s # and n o t t h e p h y s i c a l a c t o f movement. The p e r -
c e p t u a l c o r r e c t i o n o c c u r 5 even when t h e e y e muscles a r e p a r a l y z e d
50 t h a t n o m o t i o n a c t u a l l y r e s u l t s f r a r n t h e c o n s c i o u s in tent , t o
mdve.

THE INTERNAL WORLD PtODl%

C o n t e x t u a l i n f o r m a t i o n can a l s o p r o v i d e p r e d i c t i o n s o f what sen-
s o r y d a t a t o e x p e c t . T h i s a l l o w s t h e s e n s o r y - p r o c e s s i n g m o d u l e s
t o d o p r e d i c t i v e f i l t e r i n g , t o compare incoming . d a t a w i t h
p r e d i c t e d data, and t o f l y - w h e e l t h r o u g h n o i s y d a t a o r d a t a d ro -
pouts .

The m e c h a n i s m b y w h i c h such p r e d i c t i o n s , o r e x p e c t a t i o n s , can b e
g e n e r a t e d i s i l l u s t r a t e d i n F i g u r e 16. H e r e c o n t e x t u a l i n p u t f o r
t h e s e n s o r y - p r o c e s s i n g h i e r a r c h y i s shown as b e i n g p r o c e s s e d
t h r o u g h an M m o d u l e b e f o r e b e i n g p r e s e n t e d t o t h e s e n s o r y p a t t e r n
r e c o g n i t i o n G m o d u l e s a t each l e v e l . I n p u t t o t h e M modu les
d e r i v e f r o m t h e e v e c t o r o f t h e c o r r e s p a n d i n g b e h a v i o r - g e n e r a t i n g
h i e r a r c h y a t t h e same l e v e l as w e l l as an X v e c t o r w h i c h i n c l u d e s
c o n t e x t d e r i v e d f r o m o t h e r a reas o f t h e b r a i n such a5 o t h e r sen-
s o r y m o d a l i t i e s o r o t h e r b e h a v i o r - g e n e r a t i n g h i e r a r c h i e s . These
M modules compu te N = M (P + F). T h e i r p o s i t i o n i n t h e l i n k s
f r o m t h e b e h a v i o r - g e n e r a t i n g To t h e s e n s o r y - p r o c e s s i n g h i e r a r -
c h i e s a l l o w t h e m t o f u n c t i o n a5 a p r e d i c t i v e memory. They a r e i n
a p o s i t i o n t o s t o r e and r e c a l l ( o r r e m e m b e r ) s e n s o r y e x p e r i e n c e s
(E v e c t o r t r a J e c t o r i e s ) w h i c h o c c u r s i m u l t a n e o u s w i t h P and X_
v e c t o r t r a J e c t o r i e s i n t h e b e h a v i o r - g e n e r a t i n g h i e r a r c h y and o t h -
e r l o c a t i o n s w i t h i n t h c b r a i n . F o r examp le , da ta may b e s t o r e d
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A
i n each M , m o d u l e b y s e t t i n g t h e d e s i r e d o u t p u t E equal t o t h e
senso ry e x p e r i e n c e v e c t o r E . A t each i n s t a n t o f t i m e t = k
sensory d a t a r e p r e s e n t e d b y &F will t h e n b e s t o r e d o n t h e memory
a d d r e s s d e f i n e d b y t h e PI<+ X k v e c t o r . The r e s u l t will b e t h a t
t h e s e n s o r y e x p e r i e n c e r e p r e s e n r e d b y t h e sensory d a t a t r a j e c t o r y
TE will be s t o r e d i n a s s o c i a t i o n w i t h t h e c o n t e x t t r a J e c t o r y
TP+X

Any t i m e a f t e r w a r d s , t = k + J~ a r e o c . t u r r e n c e o f t h e same con-
t e x t v e c t o r Pk+j + Xk +j = Pk- + -X k w i l l p r o d u c e an o u t p u t Rk'j
equal t o t h e E h s t o r e d gt t i m e t = k. Thus a r e o c c u r r e n c e o f t h e
same c o n t e x t - t r a l e c t o r y TP+X Will p r o d u c e a r e c a l l t r a J e c t o r y
TR equal t o t h e e a r l i e r sensory e x p e r i e n c e TE . These p r e d i c -
t i v e memory m o d u l e s t h u s p r o v i d e t h e s e n s o r y - p r o c e s s i n g h i e r a r c h y
w i t h a memory t r a c e o f what senso ry d a t a o c c u r r e d on p r e v i o u s oc-
c a s i o n s when t h e m o t o r g e n e r a t i n g h i e r a r c h y (and a t h e r p a r t s o f
t h e b r a i n ) were i n s i m i l a r s t a t e s a l o n g s i m i l a r t r a J e c t o r i e s .
T h i s p r o v i d e s t h e s e n s o r y - p r o c e s s i n g s y s t e m w i t h a p r e d i c t i o n o f
what senso ry da ta t o e x p e c t . What i 5 e x p e c t e d i s whatever was
e x p e r i e n c e d d u r i n g s i m i l a r a c t i v i t i e s i n t h e past .

2.
3.

I n t h e i d e a l case r t h e p r e d i c t i v e memory modu les M will gen-
e r a t e an e x p e c t e d senso ry d a t a s t r e a m TR w h i c h e x a c t l y d u p l i -
c a t e s t h e o b s e r v e d s e n s o r y da ta s t r e a m T, . To t h e e x t e n t t h a t
t h i s o c c u r s i n p r a c t i c e it e n a b l e s the

d

G modu les t o a p p l y v e r y
p o w e r f u l m a t h e m a t i c a l t e c h n i q u e s t o t h e senso ry da ta . F o r exam-
p l e t h e G modules c a n use t h e e x p e c t e d da ta T t o :

1. P e r f o r m c r o s s - c o r r e l a t i o n o r c o n v o l u t i o n a l g o r i t h m s t o
d e t e c t s y n c p a t t e r n s and i n f o r m a t i o n b e a r i n g sequences
b u r i e d i n n o i s e ,
F l y w h e e l t h r o u g h d a t a d r a p o u t s and n o i s e b u r s t s t
D e t e c t ( o r r e c o g n i z e ) d e v i a t i o n s o r e v e n omissr ions f r o m
an e x p e c t e d p a t t e r n as w e l l as t h e o c c u r r e n c e o f t h e
p a t t e r n i n i t 5 e x p e c t e d f o r m .

If we assume, as shown i n F i g u r e 16 t h a t p r e d i c t i v e r e c a l l
modu les e x i s t a t a l l l e v e l s o f t h e p r o c e s s i n g - g e n e r a t i n g h i e r a r -
c h y ~ t h e n it i s c l e a r t h a t t h e memory t r a c e i t s e l f i s m u l t i l r v -
e l e d . I n o r d e r t o r e c a l l an e x p e r i e n c e p r e c i s e l y a t all l e v e l s t
it i s n e c e s s a r y t o g e n e r a t e t h e same c o n t e x t ( i . e . I e $. 2 ad-
d r e s s ) a t a l l l e v e l s as e x i s t e d when t h e e x p e r i e n c e was r e c o r d e d .

We can sag t h a t t h e p r e d i c t i v e memory m o d u l e s M d e f i n e an i n t e r -
n a l m o d e l o f t h e e x t e r n a l w o r l d . They p r o v i d e answers t o t h e
quest ion , " i f I do such and so, w h a t will happen? " The answer i s
t h a t w h a t e v e r happened b e f o r e when 5uch and so was done, will
p r o b a b l y happen aga in . I n s h o r t , I F I do Y, THEN Z will happen
when I i s wha teve r was s t o r e d i n p r e d i c t i v e memory t h e l a s t t i m e
( o r some s t a t i s t i c a l a v e r a g e o v e r t h e N l a s t t i m e s ) t h a t I d i d Y C

and Y i s some a c t i o n such as p e r f o r m i n g a t a 5 k , o r pu rsu ing d

g o a l i n a p a r t i c u l a r env i r onmen t o r s i t u a t i o n , w h i c h i s
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r e p r e s e n t e d i n t e r n a l l y b y t h e v e c t o r s a t t h e va r i ous d i f f e r e n t
l e v e l s o f t h e b e h a v i o r - g e n e r a t i n g h i e r a r c h y and t h e X v e c t o r s
d e s c r i b i n g t h e s t a t e s o f var ious o t h e r s e n s o r y - p r o c e s s i n g
b e h a v i o r - g e n e r a t i n g h i e r a r c h i e s .

There a r e t h r e e a s p e c t s o f a c o n t r o l h i e r a r c h y : One i s t h e o r -
g a n i z a t i o n a l h i e r a r c h y , . shown on t h e l e f t s i d e o f F i g u r e 17,
w h i c h d e f i n e s t h e command and c o n t r o l s t r u c t u r e and s p e c i f i e s t h e
r e l a t i o n s h i p b e t w e e n t h e va r i ous p r o c e s s i n g and g e n e r a t i n g
modules. Two i s t h e c o m p u t a t i o n a l h i e r a r c h y , shown a t t h e c e n t e r
i n F i g u r e 17, wh ich d e f i n e s t h e s t a t e v a r i a b l e s a n d t h e func t i ons
t h a t map i n p u t v a r i a b l e s i n t o o u t p u t v a r i a b l e s . T h r e e i s t h e
b e h a v i o r a l h i e r a r c h y w h i c h d e f i n e s t h e f l o w o f a c t i o n s t h a t g i v e
r i s e t o o b s e r v a b l e b e h a v i o r . The r i g h t s i d e of F i g u r e 17 i s an
i l l u s t r a t i o n o f a b e h a v i o r a l h i e r a r c h y . It shou ld b e n o t e d t h a t
t h e o r g a n i z a t i o n a l h i e r a r c h y i s n o t a s t r i c t t r e e s t r u c t u r e t a5
t h e r e i s much i n f o r m a t i o n f l o w b e t w e e n c o m p u t a t i o n a l modu les a t
t h e same level, a n d even b e t w e e n l e v e l s . Neve r the less , t h e p r i -
m a r y f l o w o f command and c o n t r o l i n f o r m a t i o n i s v e r t i c a l a l o n g
t h e cha in o f command, and n o t l a t e r a l b e t w e e n m o d u l e s a t t h e same
l e v e l . The l i n e s b e t w e e n t h e t h r e e h i e r a r c h i e s i l l u s t r a t e t h e
r e l a t i o n s h i p s b e t w e e n t h e c o m p u t a t i o n a l ~ t r u c t u r e , t h e s t a t e
v a r i a b l e s , and t h e f l o w o f t i m e . T h i s way o f v i e w i n g t h e p r o b l ' e m
p r o v i d e s a m a t h e m a t i c a l f o r m a l i s m t h a t i s c l e a r , conc i se , a n d
c a m p u t a t i o n a l l y u s e f u l i n b o t h a n a l y s i r r y a n d s y n t h e s i z i n g i n t e l -
l i g e n t c o n t r o l s y s t e m p e r f o r m a n c e .

SOFTWARE IMPLEMENTATION

The d e s i g n o f a s o f t w a r e s y s t e m w h i c h can imp lemen t t h e m u l t i -
l e v e l b r a n c h i n g of t h e c r o s s - c o u p l e d p r o c e s s i n g - g e n e r a t i n g g o a l -
s e e k i n g h i e r a r c h y shown i n F i g u r e 16 i s c o n c e p t u a l l y s t r a i g h t
f o r w a r d . A t each l e v e l o f t h e g e n e r a t i n g h i e r a r c h y , t h e H func -
t i o n r e p r e s e n t s a t a b l e , o r l i s t , o f s t a t e s and S+P s t a t e map-
p i n g s , one o f w h i c h i 5 s e l e c t e d b y e v e r y p o s s i b z e T o m b i n a t i o n o f
i n p u t v e c t o r s C + F. A t each t i c k k t h e s e l e c t e d s t a t e m a p p i n g H
c o m p u t e s an P-k H(Sk - 1) w h i c h p r o v i d e s t h e i n p u t t o o t h e r
modu les i n t h e - h i e r a r c h y a t t h e nex t t i m e t i c k . I n o t h e r words ,
t h e i n p u t C + F c o n s t i t u t e s an a d d r e s s , a r p o i n t e r , t o a node
w h i c h c o n t a i n s e i x h e r t h e o u t p u t P i t s e l f a r a p r o c e d u r e f o r
c o m p u t i n g -P . T h i s i s i l l u s t r a t s d i n F i g u r e 18.

One m e t h o d o f i m p l e m e n t i n g H modu les i s t o d e f i n e each s t a t e
m a p p i n g i n an H modu le as a p r o d u c t i o n r u l e . F o r e x a m p l e t h e
s i m p l e t a s k FETCH ( X ) i s d e f i n e d b y t h e s t a t e t a b l e i n F i g u r e 1 9 .
N o t e t h a t t h e l e f t h a n d s i d e of t h e s t a t e t a b l e c o n t a i n s a command
t y p e d e f i n e d b y t h e inpu t command v e c t o r C, a s t a t e d e f i n e d b y
s e l f - f e e d b a c k o f t h e k- 1 ou tpu t U, and f l a g s ( o r r e c o g n i z e d con -
d i t i o n s ) f r o m t h e e x t e r n a l f e e & b a c k v e c t o r F.-
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The r i g h t hand s i d e o f t h e s t a t e t a b l e d e f i n e s ( o r p o i n t s t o p r o -
c e d u r e s w h i c h d e f i n e ) t h e o u t p u t v e c t o r -P w h i c h becomes input f o r
o t h e r H m o d u l e s a t t h e n e x t c l o c k t i c k . The g pa rame te r con-
t a i n e d on t h e r i g h t hand s i d e o f t h e s t a t e t a b l e i s s e n t t o t h e G
modu le ( o r t h e M m o d u l e i f one e x i s t s ) a t t h e c o r r e s p o n d i n g l e v e l
o f t h e s e n s o r y - p r o c e s s i n g module. The g p a r a m e t e r o u t p u t a t t i m e
k s e l e c t s t h e G f u n c t i o n f o r t h e f e e d b a c k c o m p u t e d a t t i m e k + l .
F o r e x a m p l e r i n F i g u r e 19, when t h e g o u t p u t i s g t t h e
s e n s o r y - p r o c e s s i n g m o d u l e i s i n s t r u c t e d t o e v o k e t h e G func t ion
w h i c h c o m p u t e s t h e o r i e n t a t i o n o f X. The f l a g b i t s t h e n i n d i c a t e
whether ORIENTATION ( X ) > 0 o r ORIENTATION ( X ) I 0. When t h e g
o u t p u t i s g1 8 t h e G Ounc t ion w h i c h computes t h e qf is tance t o X
i s evoked.

2

The e n t i r e l i b r a r y o f p r o c e d u r e s i n an H module, and t h e s t a t e
t a b l e f o r a c c e s s i n g them i s i l l u s t r a t e d i n F i g u r e 20.

We can now d e s c r i b e a p r o c e d u r e which i s execu ted by t h e H m o d u l e
a t each c l o c k t i c k . A t each t i m e t i c k k t h e l e f t hand s i d e o f
t h e s t a t e t a b l e i s s e a r c h e d f o r an e n t r y c o r r e s p o n d i n g t o t h e in-
p u t C k - h Fk-: If an e n t r y i s found, t h e i p o i n t e r i s 5 e t t o t h a t
l o c a y i o n and P k i s used a5 a p o i n t e r t o a p r o c e d u r e H w h i c h com-
p u t e s an o u r p u t pk = H If no e n t r y c a n b e f o u n d t h e
p o i n t e r i s s e t t o an e r r o r c o n d i t i o n and a p r o c e d u r e i s e v o k e d
t o o u t p u t t h e a p p r o p r i a t e f a i l u r e a c t i v i t i e s . I n m o s t cases a
f a i l u r e c o n d i t i o n will o u t p u t a STOP command t o t h e H m o d u l e
b e l o w and a f a i l u r e f l a g t o t h e sensory p r o c e s s i n g G module.

Each e n t r y i n t h e t a b l e s o f F i g u r e s 19 and 20 r e p r e s e n t an
IF/THEN r u l e , o r p r o d u c t i o n . With t h i s c a n s t r u c t i o n it becomes
p o s s i b l e t o d e f i n e b e h a v i o r o f a r b i t r a r y c o m p l e x i t y . An i d e a l
task p e r f o r m a n c e can b e d e f i n e d i n t e r m s o f t h e l i s t o f e v e n t s
w h i c h must t a k e p l a c e d u r i n g t h e i d e a l p e r f o r m a n c e . D e v i a t i o n s
f r o m t h e i d e a l can t h e n b e i n c o r p o r a t e d b y s i m p l y a d d i n g t h e de-
v ian t c o n d i t i o n s t o t h e l e f t hand s i d e o f t h e t a b l e s and t h e ap-
p r o p r i a t e a c t i o n t o b e t a k e n t a t h e r i g h t hand s i d e . Any c o n d i -
t i o n n o t e x p l i c i t l y c o v e r e d b y t h e t a b l e r e s u l t s i n a g e n e r a l
f a i l u r e r o u t i n e b e i n g e x e c u t e d .

Each IF/THEN r u l e i s thus a modu la r chunk o f k n o w l e d g e w h i c h de-
f i n e s a p a r t i c u l a r c o n d i t i o n o f t h e w o r l d and w h a t t h e a p p r o p r i -
a t e r e s p o n s e s h o u l d be. The s t r i n g i n g t o g e t h e r o f such chunks
i n t o H f u n c t i o n s f o r t a s k d e c o m p o s i t i o n o r G f u n c t i o n s f o r p a t -
t e r n r e c o g n i t i o n can t h e n r e a d i l y b e a c c o m p l i s h e d . New c o n d i -
t i o n s can e a s i l y b e a d d e d and e x i s t i n g r u l e s e a s i l y m o d i f i e d . We
f e e l t h a t t h i s has many b e n e f i t s f o r t e a c h i n g i n d u s t r i a l r o b o t s
t o p e r f o r m n e w t a s k s and r e s p o n d t o n e w senso ry data.
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In o u r l a b o r a t o r y a t NUS, we a r e i n t h e p r o c e s s o f i m p l e m e n t i n g
t h e t y p e o f c r o s s - c o u p l e d m e a s u r e m e n t / c o n t r o l h i e r a r c h y d e s c r i b e d
above. We have chosen t o i m p l e m e n t t h e h i e r a r c h y i n a n e t w o r k o f
rn i c rocompu te rs because we b e l i e v e t h i s t o b e t h e b e s t way t o
a c h i e v e l o w c o s t and u p w a r d c o m p a t i b i l i t y .

However, such a l o g i c a l a r c h i t e c t u r e can be i m p l e m e n t e d on a min-
i c omput e r . In f a c t , t h e f i r s t v e r s i o n o f t h e NBS h i e r a r c h i c a l
c o n t r o l s y s t e m was imp lemen ted on a PDP 11/45 [71.

The p r e s e n t sys tem i s e n e t w o r k o f m i c r o c o m p u t e r s w i t h t h e a r c h i -
t e c t u r e shown i n F i g t l r e 21. Time i s s l i c e d i n t o 20 m i l l i s e c o n d
i n c r e m e n t s . A t t h e b e g i n n i n g o f each i n c r e m e n t each l o g i c a l
mOdUlQ r e a d s i t 5 5 e t o f input va lues f r o m t h e a p p r o p r i a t e l o c a -
t i o n s i n common memory. It t h e n c o m p u t e s i t s s e t o f o u t p u t
va lues w h i c h it w r i t e s b a c k i n t o t h e common memory b e f o r e t h e 20
m i l l i s e c o n d i n t e r v a l ellds. If a l o g i c a l m o d u l e t a k e s l o n g e r than
t h e 20 m i l l i s e c o n d s t o c o m p u t e an o u t p u t , an on- board p r o t o c o l
p r o c e d u r e causes t h e p r o c e s s o r t o g e t b a c k i.n s y n c h r o n i z a t i o n
w f t h t h e r e s e t p u l s e b e f o r e w r i t i n g o u t t h e r e s u l t s t o common
memory. The p r o c e s s t h e n r e p e a t s .

Each l o g i c a l m o d u l e i s t hus a s t a t e m a c h i n e whose o u t p u t depends
o n l y o n i t s p r e s e n t i n p u t s and i t s p r e s e n t i n t e r n a l s t a t e . None
o f t h e l o g i c a l m o d u l e 5 a d m i t any i n t e r r u p t s . T h e r e i s o n l y t h e
r e s s t - s y n c p u l s e t h a t s i g n a l s t h e b e g i n n i n g a n d e n d 04: t h e 20
m i l l i s e c o n d c o m p u t a t i o n i n t e r v a l s . T h i s s i m p l e m o d u l a r s t r u c t u r e
enormously s i m p l i f i e s t h e w r i t i n g and d e b u g g i n g 09 sof i tware.

THE NBS VISION SYSTEM

The s e n s o ~ y s i d e o f t he NBS h i e r a r c h i c a l c o n t r o l s y s t e m con ta i ns
a v i s i o n s y 5 t e m w h i c h uses a c t i v e i l l u m i n a t i o n t o o b t a i n d e p t h
i n f o r m a t i o n (8). A p lane o f l i g h t i s g e n e r a t e d b y a p h o t o f l a s h
t u b e and a c y l i n d r i c a l l e n s . T h i s p l a n e i s p r o J e c t e d i n t o t h e
f i e l d o f v i e w o f a s o l i d s t a t e 3 2 8 x 1 2 8 a u t o m a t i o n camera such
t h a t t h e d i s t a n c e t o an i l l u m i n a t e d s u r f a c e c a n b e d i r e c t l y com-
p u t e d b y s i m p l e t r i g o t r o m e t r y . T h i s camera and f l a s h u n i t a r e
f i x e d t o t h e w r i s t o f t h e r o b o t m a n i p u l a t o r .

The c o n t r o l h i e r a r c h y a c t i v a t e s t h e v i s i o n s y s t e m a t s p e c i f i c
p o i n t s i n a p a r t i c o l a ? t a s k e x e c u t i o n . The c o n t r o l h i e r a r c h y
a l s o t e l l s t h e v i s i o n s o F t w a r e w h a t t y p e o f o b J e c t t o e x p e c t and
a p p r o x i m a t e l y how f a r away t h e O b J e s t i s e 'xpec ted t o be. The v i -
s i o n o o e t w a r e use5 t h i s i n f o r m a t i o n t o s e l e c t a p p r o p r i a t e va lue5
f o r f l a s h i n t e n s i t y and t h r e s h o l d and a p p r o p r i a t e s o f t w a r e a l g o -
r i t h m s f o r p r o c e s s i n g thc v i s u a l d a t a .



The v i s i o n p r o c e s s i n g modules e i t h e r c o n f i r m t h e e x i s t e n c e o f t h e
e x p e c t e d o b J e c t and t e l l t h e c o n t r o l s y s t e m w h e r e t o move t o ap-
proach itI o r r e p o r t t h a t t h e e x p e c t a t i o n was i n c o r r e c t .

A t p r e s e n t , t h e NBS v i s i o n s y s t e m i n t e r f a c e s w i t h t h e c o n t r o l
s y s t e m p r i m a r i l y a t t h e p r i m i t i v e a c t i o n l e v e l f o r c o m p u t i n g
r a n g e and p o s i t i o n O F g r i p p o i n t s and a t t h e e l e m e n t a l move l e v e l
f o r compu t i ng p a r t o r i e n t a t i o n and approach paths . However, we
a r e now i n t h e p r o c e s s o f a d d i n g new c a p a b i l i t i e s f o r p a r t r e c o g -
n i t i o n a t t h e s i m p l e task l e v e l .

COMMON MEMORY DATA TRANSFER

A l l commun ica t ions O F da ta f r o m one modu le t o a n o t h e r i n t h e NBS
h i e r a r c h i c a l c o n t r a 1 s y s t e m t a k e p l a c e v i a a common memory " m a i l
d r o p " s y s t e m as shown i n F i g u r e 21. T h i s s y s t e m has a disadvan -
t a g e i n t h a t it r e q u i r e s t w o d a t a t r a n s f e r s t o g e t i n C o r m a t i a n
f r o m one m o d u l e t o a n o t h e r . However l we b e l i e v e t h i s disadvan -
t a g e i s f a r overshadowcd b y t h e f o l l o w i n g advantages:

I. There a r e n o c o m m u n i c a t i o n p r o t o c o l s b e t w e e n c o m p u t i n g
modu les , b e c a u s e m o d u l e s do n o t t a l k d i r e c t l y t o each o t h e r .
O n l y one p r o c e s s o r i s a l l o w e d t o w r i t e i n t o any s i n g l e l o c a -
t i o n i n common memory. I n each 20 m i l l i s e c o n d t i m e s l i c e ,
a l l modu les r e a d f r o m common memory b e f o r e ani) a r e a l l o w e d
t o w r i t e t h e i r o u t p u t s b a c k in.

2. The a d d i t i o n nf each new s t a t e v a r i a b l e r e q u i r e s o n l y a
d e f i n i t i o n o f wheve it i s t o b e l o c a t e d i n common m e m o r y so
t h a t t h e m o d u l e w h i c h g e n e r a t e s i t knows where t o w r i t e itD

and t h e m o d u l e s w h i c h r e a d it k n o w w h e r e t o l o o k . Thus, new
m i c r o c o m p u t e r s can e a s i l y b e added, l o g i c a l m o d u l e s can b e
s h i f t e d f r o m one m i c r o c o m p u t e r t o ano the r , new f u n c t i o n s
such as s a f e t y wa tchdogs I a n d even new s e n s o r s c a n b e in-
c l u d e d w i t h l i m i t e d e f f e c t on t h e r e s t o f t h e s y s t e m . A s
l o n g as t h e s y s t e n t b u s has su rp l us c a p a c i t y , t h e p h y s i c a l
s t . r o c t u r e o f t h e s y s t e m can b e r e c o n f i g u r e d w i t h f e w changes
r e q u i r e d i n t h e soPtware r e s i d e n t i n t h e l o g i c a l modu les .

3. The common memovy aXways c o n t a i n s a r e a d i l y a c c e s s i b l e
map o f t h e c u r r e n t s t a t e o f t h e s y s t e m . T h i s makes it easy
f o r a s y s t e m m o n i t o r t o t r a c e t h e h i s t o r y 0.F any o r a l l 09
t h e s t a t e v a r i a b l e s , t o s e t b r e a k p o i n t s , and t o r e a s o n
b a c k w a r d s t u t h e s o u r c e o f p r o g r a m e r r o r s o r f a u l t y l o g i c .
T h i s i s e x t r e m e l q i m p a r t a n t i n a s o p h i s t i c a t e d , r e a l - t i m e ,
s e n s o r y - i n t e r a c t i v e s y s t e m i n w h i c h many p r o c e 5 s e s a r e g o i n g
on i n p a r a l l e l tat many d i f f e r e n t h i e r a r c h i c a l l e v e l s .
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NBS has d e v e l o p e d an i n t e g r a t e d f a c t o r y c o n c e p t u t i l i z i n g t h e
t h e o r y o f h i e r a r c h i c a l c o n t r o l d i s c u s s e d above a5 w e l l as t h e ex-
p e r i e n c e d e r i v e d f r o m t h e m i c r o c o m p u t e r n e t w o r k i m p l e m e n t a t i o n .
F i g u r e 22 shows t h e o r g a n i z a t i o n a l l a y o u t . The f l o w o f c o n t r o l
d u r i n g e x e c u t i o n i s down t h e c e n t e r . O r d e r s a r e e n t e r e d a t t h e
t o p . Those o r d e r s c a l l up p r o c e s s p lans wh ich have b e e n e n t e r e d
i n t h e data base on t h e r i g h t . T h a t p r o c e s s p l a n d a t a base i s
h i e r a r c h i c a l l y s t r u c t u r e d so t h a t a t t h e t o p t h e r e i s o n l y t h e
name o f t h e p r o c e s s p lan . T h i s name i s sent t o t h e c e l l c o n t r o l .
The c e l l c o n t r o l compute r accesses t h e d a t a base w h i c h c a l l s i n
t h e sequence o f s t e p s t i e . t h e p r o g r a m ) t h a t i s t h e p rocess p l a n
a t t h e c e l l l e v e l . Each command i n t h i s p r o g r a m i s passed i n 5e-
quence t o t h e n e x t l e v e l down w h i c h i s a w o r k s t a t i o n . As each
c e l l - l e v e l command e n t e r s t h e w o r k s t a t i o n , it i s t h e name o f a
p r o c e s s p l a n f o r t h e w o r k - s t a t i o n . The w o r k s t a t i o n t h e n goes t o
i t 5 data base and c a l l s u p t h e sequence o f i n s t r u c t i o n s r e q u i r e d
t o decompose t h a t p r o c e s s p l a n f o r t h e r o b o t o r f o r t h e machine
t o o l .

The da ta b a s e on t h e r i g h t a l s o c o n t a i n s p a r t d e s c r i p t i o n d a t a
s y c h as m a t e r i a l s , d imens ions , and t o l e r a n c e s . A t h i r d s e c t i a n
09 t h e r i g h t hand d a t a b a s e i s t h e d y n a m i c data r e l a t e d t o f e e d s
and speeds w h i c h may b e changed as a r e s u l t 04: sensed c o n d i t i o n s
i n t h e f a c t o r y env i r onmen t .

On t h e l e f t i s a secand da ta b a s e w h i c h i s a l s o d i v i d e d i n t o
t h r e e p a r t s . On t h e f a r l e f t i s a management i n f o r m a t i o n a n d
c o n t r o l da ta base. €nt . r ies o r q u e r i e s t o and f r o m t h i s da ta base
e n a b l e management t o m o n i t o r and manage t h e w h o l e C a c t o r y b y 5 e t -
t i n g p r i o r i t i e s , o r o p t i m i z i n g f o r va r i ous parameters . The
c e n t e r s e c t i a n of- t h o l e f t hand da ta hase c o n t a i n s t h e s t a t u s o f
each machine t o o l and r o b o t i n t h e p l a n t : what p r o g r a m i s it
running, what s t e p in t h e program, how l o n g i n t h a t s t e p , w h a t
p e r t i 5 i t o p e r a t i n g onl e t c . The r i g h t hand s e c t i o n o f t h i 5
d a t a b a s e con ta i ns t h e s t a t u s o f each p a r t i n p r o g r e s s : where i s
it, what i s i t s p o s i t i o n and o r i e n t a t i o n , what o p e r a t i o n s have
been p e r f o r m e d on it, q u a l i t y c o n t r o l i n q o r m a t i o n , e t c .

T h e r e i s a s e t 09 c o m p u t e r s c a l l e d feedback p ~ o c e s s o r s t h a t
o p e r a t e on each l e v e l o f t h i s da ta base and e x t r a c t o u t t h e in-
f o r m a t i o n n e e d e d a t t h e n e x t h i g h e r l e v e l . A s i n t h e microcorn -
p u t e r r o b o t c o n t r o l n e t w o r k , i n f o r m a t i o n i s passed f r o m one l e v e l
t o ano the r , and f r o m one c o m p u t i n g m o d u l e t o a n o t h e r t h r o u g h t h e
d a t a base w h i c h s e r v e s as a common memory.

Thus, t h e s y s t e m i s c o m p l e t e l y modu la r . A new r o b o t o r mach ine
t o o l o r e v e n a w o r k - - s t a t i o n can b e 'added o r d e l e t e d w i t h ;I

m i n i m u m o f i m p a c t on t h e r e s t o f t h e sys tem. These d a t a bases

-18-



c o n t a i n a c o m p l e t e s t a t e d e s c r i p t i o n o f t h e e n t i r e 9 a c t o r y a t
each i n s t a n t o f t i m e . A c t i v i t i e s o f var ious modu les a n d o f t h e
v a r i a b l e s themse lves c a n be t r a c e d a n d r e c o T d e d f o r debugging,
ana lys is , o r o p t i m i z a t i o n . The s o f t w a r e i s a l s o modular . P ro -
grams a r e w r i t t e n i n a l a n g u a g e s p e c i f i c t o t h a t l e v e l . Each
c o m p u t i n g modu le becomes a s t a t e machine w h i c h samples i t s i n p u t
f o r command and f e e d b a c k v a r i a b l e s , p e r f o r m s i t s computa t ions ,
and w r i t e s i t s o u t p u t i n t o t h e da ta base, and w a i t s f o r t h e n e x t
c o m p u t a t i o n c y c l e .

_.

There a r e # o f c o u r s e # many' u n r e s o l v e d issues. A g r e a t d e a l o f
a d d i t i o n a l w o r k needs t o b e done t o s p e c i f y t h e da ta baSe5r t h e
c o n t r o l s o f t w a r e , and t h e c o m p u t i n g a r c h i t e c t u r e . However, it i s
f e l t t h a t t h i s app roach t o a h i e r a r c h i c a l c o n t r o l s t r u c t u r e f o r
an a u t o m a t i c f a c t o r y i s a c o n c e p t t h a t will n o t became o b s o l e t e
i n t h e near fu ture . It i s a rea l - t i .me s e n s o r y - i n t e r a c t i v e
h i e r a r c h i c a l c o n t r o l system w i t h s u f f i c i e n t m o d u l a r i t y t h a t com-
p l e x i t y o f any m o d u l e can b e k e p t w i t h i n t o l e r a b l e l i m i t s r e g a r d -
l e s s o f t h e c o m p l e x i t y o f t he o v e r a l l s y s t e m .

It shou ld b e n o t e d tha t h i e r a r c h i c a l s t r u c t u r e o u t l i n e d i n t h i s
p a p e r i s a t p r e s e n t m a i n l y a t h e o r e t i c a l c o n s t r u c t w h i c h NBS
d e v e l o p e d and i s now i n t h e p r o c e s s o f i m p l e m e n t i n g and eva lua t -
i n g . I n p a r t i c u l a r , t h e s o f t w a r e i m p l e m e n t a t i o n d e s c r i b e d i n
F i g u r e s 18-20 has n o t y e t b e e n r e d u c e d t o code. The c o n t r o l
s t r u c t u r e i n F i g u r e 22 i 5 s t i l l o n l y i n t h e p lann ing phase.
The re a r e many d e t a i l s n o t c o v e p e d h e r e r e g a r d i n g t i m i n g a n d sgn-
c r o n i z a t i o n b e t w e e n t h e b e h a v i o r - g e n e r a t i n g and senso ry -
p r o c e s s i n g h i e r a r c h ips . M o s t o f t h e s e i ssues r e m a i n t o b e
r e s o l v e d . The re a r e d l50 many ques t i ons r e g a r d i n g how such a
s y s t e m can b e s t b e programmed, a n d how prugrarns can b e e d i t e d ,
c o m p i l e d , and debugged. N e v e r t h e l e s s J we a r e c o n f i d e n t t h a t t h e
c r o s s - c o u p l e d p r o c e s s i n g - g e n e r a t i n g h i e r a r c h y i s a f u n d a m e n t a l l g
c o r r e c t approach t o t h e p r o b l e m o f m a k i n g i n d u s t r i a l r o b o t s in -
c r e a s i n g l y r e s p o n s i v e t o senso ry i n p u t . I n p a r t i c u l a r , w e f e e l
t h a t t h e m o d u l a r i t y a f t h e h i e r a r c h i c a l d e c o m p o s i t i o n , and espe -
c i a l l y t h e s p l i t t i n g a p a r t o f t h e s e n s o r y - p r o c e s s i n g f u n c t i o n
f r o m t h e b e h a v i o r - g e n e r a t i n g f u n c t i o n , i s an i m p o r t a n t f i r s t s t e p
i n a p p l y i n g t h e p r i n c i p l e s o f s t r u c t u r e d p r o g r a m m m i n g t o t h e con-
t r o l o f r o b o t s . Whether t h e f i n a l r e s u l t i s a h i e r a r c h y i m p l e -
m e n t e d on a n e t w o r k o f sma l l c o m p u t e r s , o r one i m p l e m e t e d i n ap-
p r o p r i a t e l y s t r u c t u r e d s o f t w a r e o n a s i n g l e l a r g e c o m p u t e r , i s
n o t i m p o r t a n t . What i s i m p o r t a n t i s t h a t t h e c o n t r o l p r o b l e m b e
decomposed i n t o subprob lems w h i c h can b e s o l v e d i n a n e t w a r k o f
c o m p u t i n g m o d u l e s w h e r e i n each m o d u l e has a c l e a r l y d e f i n e d in-
t e r f a c e o f i n p u t and o u t p u t v a r i a b l e s and a c l e a r l y d e f i n e d func -
t i o n a l r e l a t i o n s h i p b e t w e e n t h e i n p u t and o u t p u t . T h i s i s t h e
f i r s t s t e p i n good p r o g r a m m i n g p r a c t i c e . We b e l i e v e i t t o b e
e s s e n t i a l t o t h e d e v e l o p m e n t o f s o p h i s t i c a t e d s e n s o r y - i n t e r a c t i v e
c o n t r o l s y s t e m s f o r r o b o t s and au toma ted f a c t o r i e s .
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FIGURE.l. A n AND/OR graph.

FIGURE 2. The funct ion H maps the t r a j e c t o r y T i n t o the t r a j e c t o r y T
S P.
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H
> P'LJ

FIGURE 3. The input vector S i s divided i n t o t w o par ts C and F
such t h a t S = GbF.

b T
OUTPUT SPACE

F'IGURE 4. A stat ionary C vector establ iches a setpo 'n t , and as t i m e progresses the

-2 3feedback v e c t o r var ies f rom -F* t o -F t o . The S vec to r thus t r a c e s o u t
a t r a j e c t o r y Ts. The €1 opera tor computes an output f o r each input 5 an
so produces an output t r a j e c t o r y T . The resu l t : i s tha th i n u t conmzn
-C i s decomposed in to a sequence o f output subcommands 2 , , .e i 5 ! I



.

-..4 .

FIGURE 5. Ifthe comnand v e c t o r 5 also changes f r o m t i m e t o t ime, it w i l l
t race out a t r a j e c t o r y T .
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FIGURE 8. Around each t r a j e c t o r y represent ing a n ' i d e a l task performance there
e x i s t s an envelop o f c lose - to - idea l t r a j e c t o r i e s which correspond
t o successful, bu t n o t per fec t , task performance. I f the H functions
are defined throughout these envelops so as t o drive the system back
toward the i d e a l whenever it deviates, then the t r a j e c t o r y w i l l be
s tab le and task performance can be successful desp i te perturbat ions and
unexpected events.



FIGURE 9. I f t h e H func t ion a t the lower l e v e l s a r e s u f f i c i e n t l y w e l l def ined,
smal l pe r tu rba t ions f r o m the i d e a l performance can be cor rec ted .by
l o w l e v e l feedback w i t h o u t requiring any change i n the command f r o m
higher leve ls .

FIGURE 10. I f the lower l e v e l H functions a re no t adequately defined, o r i f the
per turbat ions a r e too l a r g e f o r the lower l e v e l t o cope,.then feedback
t o the higher l e v e l s produces changes i n the task decomposition a t a
higher l e v e l . The r e s u l t i s an a l t e r n a t i v e strategy.
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FIGURE 13. The 1v e c t o r i s composed of sensory var iables E and con tex t var iab les R.
' The func t ion G recognizes t h e ex is tence o f 'a 2 vec to r i n a p a r t i c u l a r -

reg ion of pat tern fcontex t spzce by output t ing a 9 vec to r which i s t h e
name o f that region.

I
!

D SPACE

FIGURE 14. A t ime varying D v e c t o r t races out a t r a j e c t o r y T which rep resen ts a
sensory experience T taking p lace i n the context T A s e c t i o n oE
a T t r a j e c t o r y whicE maps i n t o a smal l r e g i o n o f Q space corresponds
t o ?he r e c o p i t . i o n o f an extended tempora l p a t t e r n as a s ing le event.
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NAME Q

PATTERN E
(a).

NTEXT R

FIGUPS 15. In (a) the two p a t t e r n vec to rs E& and E2 are too c lose together i n
. pat tern space t o be r e l i a b l y recogn ized (i .e. named) as i n d i f f e r e n t

classes. In (b) the addi t ion o f c o n t e x t R t o E and s2 to E2 makes
the v e c t o r s D and D f a r enough apart i n pat tern fcontext space t o be
e a s i l y recogrnzed as i n separate classes.
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FIGURE 16. A cross - coupled processing - generat ing hierarchy. The Pi. modules
1

remember sensory exper iences which occur i n assoc ia t ion w i t h s p e c i f i c
a c t i v i t y i n the genera t ing hierarchy (F.) and o t h e r sensory m o d a l i t i e s
(Xi). Ths M. modules thus l e a r n a s e t o f i n t e r n a l expecta t ions ( i . e . a
p red i c t l ve model) o f the e x t e r n a l w o r l d as seen through the sensory
input channels.
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* _can't f ind C+F

I.

Fk-l Pk

i ' 3
P o i n t e r

c

can' t f i n d C+u F a i l E2 ? =E2H(S)i.-
FIGURE 20. The e n t i r e l i b ra ry of procedures i n an H nodule can be represented

as an extended s t a t e tab le .
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